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We study the collapse of rapidly rotating supermassive stars that may have formed in the early
Universe. By self-consistently simulating the dynamics from the onset of collapse using three-dimensional
general-relativistic hydrodynamics with fully dynamical spacetime evolution, we show that seed pertur-
bations in the progenitor can lead to the formation of a system of two high-spin supermassive black holes,
which inspiral and merge under the emission of powerful gravitational radiation that could be observed at
redshifts z * 10 with the DECIGO or Big Bang Observer gravitational-wave observatories, assuming
supermassive stars in the mass range 104–106M. The remnant is rapidly spinning with dimensionless
spin a ¼ 0:9. The surrounding accretion disk contains 10% of the initial mass.
DOI: 10.1103/PhysRevLett.111.151101 PACS numbers: 04.25.D, 04.30.Db, 97.60.Bw, 98.80.k
The observation of supermassive black holes (SMBHs)
with massesM * 109M in the early Universe at redshifts
z * 7 (e.g., Ref. [1]) calls for new pathways for explaining
the existence of such massive black holes when the
Universe was less than 1 Gyr old (see, e.g., Refs. [2,3]
for recent reviews). Since the time available for the for-
mation of a massive black hole via accretion from an initial
seed black hole is quite short, it appears likely that the seed
objects were quite massive themselves. Sufficient initial
seed mass could be offered by the theoretical possibility of
supermassive stars (SMSs) with masses 104–106M. Since
SMSs can become general-relativistically unstable [4,5],
they can collapse and either form supermassive seed black
holes or, perhaps, die in powerful thermonuclear explo-
sions with energies * 1055 ergs [6–8].
A popular scenario for the formation of a SMS is the
direct collapse of a primordial gas cloud in dark-matter
halos with virial temperatures 104 K [9–16]. The
required rapid accretion rates [17] can be maintained by
avoiding early fragmentation, either by isothermal collapse
in the absence of H2 cooling [10,18–22] or by turbulent
accretion [14–16]. Pulsational instabilities or radiative
feedback, which could limit the accretion rate, are suffi-
ciently small to pose no problem for rapid growth [23,24].
Since the primordial gas cloud is likely to carry substantial
angular momentum, the centrifugal barrier must be over-
come during the collapse of the halo gas, which could be
achieved by angular momentum transfer via gravitational
torques [14].
In Ref. [25], the collapse of a uniformly rotating SMS
was studied in axisymmetry. Later, Refs. [26,27] investi-
gated the three-dimensional collapse of differentially
rotating SMSs to SMBHs and found that the collapse
proceeds axisymmetrically. These studies were comple-
mented by those of Refs. [28,29], who investigated the
collapse of rapidly differentially rotating SMSs with small
seed perturbations that lead to fragmentation during col-
lapse. These authors found that a small initial m ¼ 1
density perturbation grows exponentially and leads to a
single, off-centered fragment that collapses to a black hole.
In the case of an initial m ¼ 2 density perturbation, two
orbiting and collapsing fragments form. Before the two
fragments form black holes, however, a runaway collapse
at the center of the SMS occurs, leading to a single black
hole at the center of the star. These studies used a  ¼ 4=3
-law equation of state (EOS), which is appropriate for
SMSs dominated by radiation pressure.
Recently, Ref. [6] investigated the collapse of SMSs in
axisymmetry using a microphysical EOS that models the
effects of radiation and electron-positron pair production.
They found that above central temperatures *109 K, pair
creation effectively reduces the adiabatic index below
 ¼ 4=3, thus accelerating the collapse once these tem-
peratures are reached.
In this Letter, we show that by assuming a -law EOS
with slightly reduced < 4=3, e.g., because of pair crea-
tion, it is possible to form a binary black-hole system,
provided that certain small seed perturbations are present
at the onset of collapse and the star is rapidly differentially
rotating. The binary black-hole system subsequently inspi-
rals and merges under the emission of powerful gravita-
tional radiation.
Methods.—We employ general-relativistic hydrodynam-
ics with adaptive mesh refinement provided by the open
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source EINSTEINTOOLKIT [30,31] using the LLAMA multi-
patch infrastructure [32,33], and a modified version of
fifth-order weighted essentially nonoscillatory (WENO5)
reconstruction [30,34]. We evolve the spacetime geometry
with the Z4c system [35], extract gravitational waves
(GWs) at future null infinity via Cauchy-characteristic
extraction [36–39], and find apparent horizons using
AFINDERDIRECT [40]. We employ a -law EOS and use
an artificial low-density atmosphere (1010 the central
density). If not stated otherwise, all units are in c ¼ G ¼
M ¼ K ¼ 1, where K is the polytropic scale. Since our
models can be rescaled to any desired mass, we report most
numbers in units of massM. For convenience, we give the
conversion factors to cgs units in the Supplemental
Material [41].
Initial conditions.—We consider three initial SMS mod-
els. Their initial data are generated via Hachisu’s self-
consistent field method [42,43], which requires as input
the central density c of the star, and a polar-to-equatorial
axes ratio rp=re between 0 and 1 together with a dimen-
sionless parameter A to set the degree of differential rota-
tion. All models are set up as marginally stable  ¼ 4=3
polytropes with scale K ¼ 1. In every case, the central
density is set to c ¼ 3:38 106M2, the axes ratio is
set to rp=re ¼ 0:24, and the differential rotation parameter
is set to A ¼ 1=3. With these input parameters, the bar-
yonic mass of the star becomes M;bar ¼ 7:0527M, the
gravitational Arnowitt-Deser-Misner (ADM) mass of the
star is M;ADM ¼ 7:0037M, and the angular momentum
becomes J ¼ 52:206M2, which corresponds to a dimen-
sionless Kerr spin parameter of a  J=M2 ¼ 1:0643. The
resulting equatorial radius is re ¼ 82M. Because of the
rapid rotation, the star has a quasitoroidal shape (its density
maximum is off center). The various models differ by the
type of initial perturbation that is applied and by how
the collapse is induced. In two models, M1G1 and
M2G1, the collapse is accelerated by reducing the poly-
tropic scale K by 103 initially. During evolution, the
two models use an adiabatic index  ¼ 4=3. In model
M2G2, the collapse is triggered by reducing  ¼ 4=3 to
 ¼ 1:33. To induce fragmentation during collapse, we
apply a density perturbation to the initial configuration.
The perturbation is given by ini!ini½1þAmrsinðmÞ,
where m> 0 is an integer, Am is the perturbation ampli-
tude, r is a cylindrical coordinate radius, and  is a
cylindrical coordinate angle. This perturbation offers rea-
sonable overlap with the corresponding quasinormal
modes of the star. In model M1G1, we apply a m ¼ 1
perturbation, and in models M2G1 and M2G2, we apply a
m ¼ 2 perturbation. We use a perturbation amplitude of
Am ¼ 103=re 	 1:22 105.
Grid setup.—We use the multiblock grid setup described
in Ref. [32]: A central Cartesian grid is surrounded by
six spherical ‘‘inflated-cube’’ grids. Their interface is
located at radius Rs ¼ 240M, and the outer boundary is
at Rb ¼ 4000M. The central Cartesian grid is capable of
2:1mesh refinement. We use two additional finer grids, one
covering the entire star, the other covering the high-density
torus. We perform simulations using three resolutions
labeled by r0, r1, and r2. In our baseline resolution r1,
the initially finest level has a resolution of x ¼ 0:4M.
During evolution, we track each forming fragment with a
moving refinement center. While a fragment collapses, we
progressively add an additional refinement level every time
the fragment’s central density increases by another order of
magnitude. In total, we switch on up to three additional
refinement levels for each fragment until a black hole
forms. The finest level has a resolution of x ¼ 0:05M.
The outer spherical grids have radial spacing r ¼ 3:2M
and use Nang ¼ 21 cells per patch and angular direction,
which corresponds to an angular resolution of ’ 4:3
. The
other resolutions r0 and r2 have 25% decreased and 25%
increased resolution. See the Supplemental Material [41]
for demonstration of numerical convergence.
Dynamics.—Following the initial pressure reduction,
either by reducing K or by reducing , the rapidly rotating
SMSs undergo accelerated collapse. Depending on the
initial density perturbation, the stars fragment, and collapse
accelerates in the fragments. Model M1G1, due to its
m ¼ 1 initial density perturbation, forms a single off-
centered fragment that orbits around the star’s center while
collapsing. At T ¼ 2145M, an apparent horizon emerges
around the center of the fragment. Model M2G1, due to its
m ¼ 2 initial density perturbation, forms two orbiting frag-
ments that slowly inspiral and collapse. After T ’ 2335M,
when the two fragments are still well separated, runaway
collapse occurs at the center of the star, leading to a rapid
increase of the central density. A single apparent horizon
emerges around the center of the SMS at T ¼ 2470M.
Models M1G1 and M2G1 were both considered in
Refs. [28,29], and we confirm their findings, though we
are able to continue the evolution well beyond the appear-
ance of an apparent horizon. We stop the simulation at T ’
3500M. Model M2G2 initially follows qualitatively the
evolution of model M2G1. Because of its softer  value,
however, the two fragments collapse much faster, forming
a pair of two black holes. In Fig. 1, we show the equatorial
density distribution of model M2G2 at various stages dur-
ing the evolution. The upper left panel shows the inner
80M of the initial density distribution. The toroidal high
density ring is clearly visible. The upper right panel shows
a snapshot during collapse. Because of the initial density
perturbation, a strong m ¼ 2 deformation arises with two
inspiraling high-density fragments. The center left panel
shows the density distribution at time T ¼ 1130Mwhen an
apparent horizon appears within each of the two still well-
separated fragments. The apparent horizons are indicated
by white circular regions. For the purpose of visualization,
they are approximated by the lapse gauge function  (with
the region   0:19 closely resembling their coordinate
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shapes). The two nascent black holes (BHs) have identical
mass and spin. Initially, they have a coordinate separation
D ¼ 13:2M, a Christodoulou mass MBH ¼ 0:899M, and
dimensionless spin aBH ¼ 0:286. Their spin axes are both
aligned with the orbital angular momentum. Transfer of
angular momentum from the differentially rotating torus
onto the black holes via accretion leads to an outwards
spiraling motion until the two black holes reach a separa-
tion D ¼ 24:7M. From there, they start to inspiral driven
by GWemission and merge after1:5 orbits. The tracks of
the black holes are indicated by red (solid and dashed) lines
in the center left panel of Fig. 1. In the center right panel,
the black holes have completed close to one orbit. Around
each black hole, material is dragged and accreted, forming
spiral patterns. During inspiral, while further accreting
material, each of the two black holes grows to a mass
MBH ¼ 3 0:1M and dimensionless spin parameter
aBH ¼ 0:7 0:02 just before merger (center panel of
Fig. 2). In the bottom left panel of Fig. 1, the two black
holes are about to merge at time T ¼ 1680M, and a com-
mon apparent horizon appears. The bottom right panel
shows the situation at the end of the simulation after the
system has settled to a quasistationary state. The merger
remnant has a Christodoulou mass MBH ¼ 5:8 0:2M
and dimensionless spin aBH ¼ 0:9 0:01. The surround-
ing accretion disk quickly settles to a baryonic mass
Mdisk ¼ 0:7 0:2M.
GW emission.—All models emit GWs during collapse
and while the fragments form and orbit around the center
of the star. The dominant radiated GWmode for all models
is ð‘;mÞ ¼ ð2; 2Þ. In models with m ¼ 2 deformation, the
emission is particularly strong. The strongest emission is
generated by model M2G2 due to the two inspiraling and
merging SMBHs. In Fig. 2, we show the evolution of the
maximum density as well as the ð‘;mÞ ¼ ð2; 2Þ mode of
the þ polarization of the emitted GW signal. As the
maximum density increases, the oscillatory GW signal
rises in amplitude. Following BH formation, a GW ring-
down signal is emitted in models M1G1 and M2G1. In
model M2G2, following BH formation, we obtain a binary
black-hole inspiral signal that increases in frequency and
amplitude toward merger. Following merger, the remnant
FIG. 1 (color online). Snapshots of a slice of the equatorial
density distribution of model M2G2. Dark colors indicate
high density and light colors indicate low density. The logarith-
mic density color map ranges from 107M2 (white) to
103M2 (black). In the bottom two panels, the color map is
rescaled to the range [108M2, 104M2] for the sake of
presentation. The upper two and the bottom right panels show
an extent of 40M, whereas the remaining panels show an
extent of 20M.
FIG. 2 (color online). Top panel: evolution of the maximum
density for all models. Center panel: Spin and mass evolution of
all three black-hole horizons of model M2G2. Lower panel:
ð‘;mÞ ¼ ð2; 2Þ spherical harmonic mode of the þ polarization
of the emitted gravitational radiation rescaled by distance D.
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emits ring-down GWs. The entire GW signal is in the dHz
frequency band for M  104M SMSs and in the mHz
band for M  106M SMSs.
Using modes up to ‘ ¼ 8, we compute the radiated
energy emitted in GWs. In model M1G1, 0.02% of the
initial gravitational mass M;ADM is radiated in GWs,
0.16% is radiated in model M2G1, and 3.71% is radiated
in model M2G2 (see Table I). We compute the detectabil-
ities by the proposed space-borne eLISA, DECIGO, and
Big Bang Observer GWobservatories [44–46] over a range
of redshifts z 2 ½5; 100 and source masses M 2
½104M; 106M. Assuming a CDM cosmology with
parameters measured by the Planck mission [47], we com-
pute the luminosity distance DðzÞ and redshifted mass
ð1þ zÞM for a given redshift z. The optimal and angle-
averaged signal-to-noise ratios (SNRs) (e.g., Refs. [48,49])
can then be obtained from the Fourier-transformed angle-
dependent GW signal ~hð;Þ using the corresponding
theoretical GW observatory sensitivity curves [44,46,50],
the luminosity DðzÞ and corresponding redshifted mass
ð1þ zÞM. Assuming a minimum SNR of 8 for detection,
we obtain a maximum redshift of z ’ 25 for a M ¼
104M SMS in DECIGO and the Big Bang Observer,
provided the system’s spin axis is pointing toward Earth
[ð;Þ ¼ ð0; 0Þ]. Both detectors are limited by the white
dwarf confusion noise at low frequencies (e.g., Ref. [50])
and have very similar sensitivity for the considered mass
range. Higher mass SMSs are detectable only out to
smaller redshifts. For a M ¼ 106M SMS, we obtain a
maximum redshift z ’ 16 for detection. By assuming a
random orientation of the spin axis, we obtain a mean
GW detectability out to z ’ 23 for low-mass SMSs and
z ’ 13 for high-mass SMSs. In eLISA, the signal is barely
detectable at z ’ 6, which is outside the relevant range of
redshifts z * 10 at which SMSs are anticipated to exist.
Discussion.—We have self-consistently simulated the
collapse of SMSs using 3þ 1 general-relativistic hydro-
dynamics with approximation-free dynamical spacetime
evolution. We have shown that it is possible to form a
coalescing binary SMBH system in SMS collapse provided
the following conditions are realized: (i) the SMS must be
rapidly differentially rotating, (ii) the gas pressure must be
reduced by a process effectively lowering < 4=3, and
(iii) a small initial m ¼ 2 density perturbation must be
present. The first condition may easily be met since col-
lapsing primordial gas clouds are likely to carry substantial
angular momentum. If an SMS forms, it is thus expected to
rotate rapidly. The second condition is motivated by recent
simulations of SMSs using a microphysical EOS [6]. At
sufficiently high central temperatures * 109 K encoun-
tered during the collapse, the effective  is lowered due
to electron-positron pair production. Even if the collapse is
triggered purely gravitationally, the temperature eventually
increases, causing an effective decrease in . We find that
lowering  by not more than 0.25% accelerates the col-
lapse sufficiently to form a pair of two SMBHs. We note
that a reduction by 0.25% is reasonable given that pair
instability, once it sets in, will reduce  to even lower
values. Finally, condition (iii) does not seem unlikely, since
recent simulations of the direct collapse of primordial gas
clouds [14] find that central supermassive objects that may
lead to SMSs form m ¼ 2 structures. In any case, small
seed perturbations are likely to be present at the onset of
collapse. For our SMSmodel, them ¼ 1 andm ¼ 2modes
have the fastest and very similar growth rates [28,29].
Therefore, even a tiny m ¼ 2 bias in an initially randomly
perturbed model may result in fast growth of the m ¼ 2
mode and the formation of two fragments. A detailed
analysis of this will be the subject of future work.
If m ¼ 2 fragmentation and binary SMBH formation
occurs in SMS collapse, the coalescence of the SMBH
binary will result in a unique GW signal that can be
detected at redshifts z * 10 with DECIGO and Big Bang
Observer for SMSs in the mass range 104–106M. If
detected and identified, such a signal would confirm the
existence of SMSs and could potentially inform us about
their rotation and thermodynamics. Moreover, the interac-
tion between matter and the binary SMBHs will likely
result in an electromagnetic signature, the details of which
will need to be established by future work.
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TABLE I. Black-hole Christodoulou masses MBH and dimen-
sionless Kerr spin parameter aBH for each black hole in each
model. In model M2G2, we list the parameters of the inspiraling
two black holes in the first two rows and the merger remnant by
the end of the simulation in the third row. We also report the disk
mass Mdisk by the end of the simulation, the measured accretion
rate _M, and the radiated GW energy EGW. For model M2G2,
where multiple resolutions are available, we are able to provide
error bars. Units are in c ¼ G ¼ M ¼ K ¼ 1, unless otherwise
specified.
M1G1 M2G1 M2G2
BH mass MBH (units of M) 5.5 5.8 3:0 0:1
      3:0 0:1
      5:8 0:2
BH spin aBH 0.9 0.9 0:7 0:02
      0:7 0:02
      0:9 0:01
Baryonic disk mass Mdisk
(units of M)
1.3 1 0:7 0:2
Accretion rate _M 1:2 103 2 104 6:7 105
Radiated GW energy EGW (%) 0.02 0.16 3.71
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